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Abstract

We study orbital evolution of multi-planet systems that form a resonant chain, with near-
est neighbours close to first order commensurabilities, incorporating orbital circularisation
produced by tidal interaction with the central star. We develop a semi-analytic model appli-
cable when the relative proximities to commensurability, though small, are large compared
to €/3, with € being a measure of the characteristic planet to central star mass ratio. This
enables determination of forced eccentricities as well as which resonant angles enter libra-
tion. When there are no active linked three body Laplace resonances, the rate of evolution of
the semi-major axes may also be determined. We perform numerical simulations of the HD
158259 and EPIC 245950175 systems finding that the semi-analytic approach works well in
the former case but not so well in the latter case on account of the effects of three active three
body Laplace resonances which persist during the evolution. For both systems we estimate
that if the tidal parameter, Q’, significantly exceeds 1000, tidal effects are unlikely to have
influenced period ratios significantly since formation. On the other hand if Q" <~ 100 tidal
effects may have produced significant changes including the formation of three body Laplace
resonances in the case of the EPIC 245950175 system.

Keywords Planet formation - Planetary systems - Resonances - Tidal interactions

1 Introduction

Hot superEarths or mini-Neptunes with masses in the range (1 — 20) Mg, orbiting very close
to their host stars, have been discovered by the Kepler mission (Batalha et al. 2013). Many of
these are within compact systems containing pairs that are close to first order commensura-
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bilities with some systems comprising or containing a resonant chain with several members.
Well known examples are Kepler 223 (eg. Lissauer et al. 2011) and TRAPPIST 1 (Luger
et al. 2017).

The formation of such systems readily occurs in scenarios involving orbital migration (eg.
Ward 1997; Papaloizou and Szuszkiewicz 2005; Cresswell and Nelson 2006; Terquem and
Papaloizou 2007; Baruteau et al. 2014). Although this does not have to have been extensive.
Moreover such chains can be set up, starting from regions close by in phase space, through
dissipative effects leading to orbital circularisation, during or slightly after the formation
process, alone (see Papaloizou 2015; MacDonald and Dawson 2018).

Anunderstanding of the post formation evolution is important in order to be able to connect
parameters in observed systems to conditions just after formation. In general, ubiquitous
migration scenarios require up to 95% of such systems to be disrupted (eg. Izidoro et al.
2017). Furthermore the period ratios in systems with close commensurabilities can evolve
significantly (eg. Papaloizou 2011; Batygin and Morbidelli 2012), and three body Laplace
resonances can be set up, as a result of orbital circularisation induced by the central star acting
on a long time scale (Papaloizou 2015), rather than by processes operating during formation.
In this situation tidal dissipation in the planetary interiors may be significant for assessing
habitability (eg. Papaloizou et al. 2018).

In this paper paper we study the evolution of systems comprising a resonant chain under
the action of orbital circularisation induced by tidal interaction. We develop a simple semi-
analytic approach, as well as perform numerical simulations, making particular applications
to the HD 158259 and EPIC 245950175 systems.

The plan of this paper is as follows. We begin by giving the basic equations governing a
planetary system incorporating orbital circularisation due to the central star in Sect. 2. We
then move on to the development of a simple semi-analytic model in Sects. 3 and 3.1, detailing
the approximation scheme used in Sects. 3.1.3, 3.1.4, 3.2 and 3.2.1. Using this model the
forced eccentricity producing response is found in Sect. 3.3 with the potential significance of
three body Laplace resonances highlighted in Sect. 3.3.1. Conditions for resonance angles to
librate, as well as the location of their centres of libration, are given in Sects. 3.3.2 and 3.3.3
with expressions for the rate of change of the semi-major axes given in Sect. 3.4.

Numerical simulations of the HD 158259 and EPIC 245950175 systems. are presented
in Sects. 4, 4.1, 4.1.1, 4.2, 4.3, 4.4. Tt is found that the semi-analytic model works well in
the former case but not so well in the latter on account of the presence of linked Laplace
resonances. We use our results to estimate the rate of evolution of system parameters and the
dependence on the tidal parameter, Q’. Extrapolation enables us to assess the potential role
of tidal effects in determining the parameters currently observed in these systems. Finally in
Sect. 5 we summarise and discuss our results.

2 Basic equations governing a planetary system incorporating orbital
circularisation due to the central star

We begin by considering a system of N planets and a central star moving in the same plane
and interacting gravitationally. The equations of motion are

dr? |I‘j|3

2. ) N C_
d’r; GMr; Z Gmy (r; rk)—l‘+1“j, a
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where M, mj, and r; denote the mass of the central star, the mass of planet j, and the
position vector of planet j, respectively. The acceleration of the coordinate system based on
the central star (indirect term) is

N . .
T = 2)

j=1

and T'; is a frictional damping force that accounts for orbital circularisation (see below).

2.1 Orbital circularisation due to tides from the central star

The circularisation timescale due to tidal interaction with the star is given by Goldreich &
Soter (1966) as

a: 132 (M 3/2 M 2/3 0 5/3
te i =7.63x 105 (—1— i) -9 el "y, 3
K * <0.05au) < M m; Lo oy ©)

where a; and p; are the semi-major axis and the mean density of the planet. The quantity
Q' =30/ (2ky), where Q is the tidal dissipation function and k; is the Love number. The
values of these tidal parameters applicable to exoplanets are unknown. However, for solar
system planets in the terrestrial mass range, Goldreich & Soter (1966) estimate Q to be in
the range 10-500 and k, ~ 0.3, leading to to Q’ in the range 50-2500.

Orbital circularisation due to tidal interaction with the central star is dealt with through the
addition of a frictional damping force taking the form (see eg. Papaloizou 2011)

r 2 dl‘/' (4)
L — — . r; r;.
J ;2 \de ')

3 Semi-analytic model for a planetary system consisting of a resonant
chain undergoing circularisation

We develop a model of a system of N planets undergoing orbital evolution incorporating the
effect of orbital circularisation as a result of tidal interaction with the central star. Torques
inducing orbital migration of individual planets may also be included. However, this aspect
will not be explored in detail in this paper.

The planets are assumed to interact gravitationally only with their inner and outer neigh-
bours (determined by the value of the semi-major axis). Equations determining the evolution
are obtained by firstly neglecting dissipative effects, which are assumed to be small, so that
the system is governed by a Hamiltonian. The effect of dissipative phenomena such as orbital
circularisation is then added in the simplest manner (see e.g. Papaloizou 2015; Papaloizou
et al. 2018).

The planets are assumed to be close enough to first order resonances with neighbours so
that only the resonance angles associated with them need to be retained in the Hamiltonian
that governs the motion in the absence of dissipative effects which we now go on to consider.

3.1 Hamiltonian formulation

We begin by specifying the coordinates used before developing the form of the Hamiltonian.
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3.1.1 Coordinates adopted
We adopt Jacobi coordinates (eg. Sinclair 1975) for which the radius vector of planet j, r;,
is measured relative to the centre of mass of the system comprised of M and all other planets

interior to j, for j = 1,2,3, ..., N. Here j = 1 corresponds to the innermost planet and
j = N to the outermost planet.

3.1.2 Form of the Hamiltonian

The Hamiltonian for the system governed by (1) with orbital circularisation absent can be
written, correct to second order in the planetary masses, in the form

GM~m~
H= Z( mjij|* — ——L= f)

[rl
S Y Gum e -2 )
pciiapet i g |

Here Mj = M +mj andrj; =r; —Ig.
Assuming, the planetary system is strictly coplanar, the equations governing the motion
about a dominant central mass, may be written in the form (see, e.g. Papaloizou 2011)

. dH

Ej= ign, (©)
L; :—(a—H+a—H> ©)
J 3)\,1' aw_/

=0, ®)
Ly T aE;

i) = % ©

Here and in what follows unless stated otherwise, m; is replaced by he reduced mass so
that m; — m;jM /(M + m;). The orbital angular momentum of planet j is L; and the
orbital energy is E;. The mean longitude of planet j is A; = n;(t — fo;) + @, with
nj=,/GM; /a; = 2/ P; being the mean motion, and #p; denoting the time of periastron
passage. The semi-major axis and orbital period of planet j are a; and P;. The longitude of
periastron is o ;. The quantities A j, @, L; and E; can be used as to describe the dynamical
system described above.

For motion around a central point mass M the angular momentum and energy of planet, j,
are related to its semi-major axis and eccentricity through the relations

Ly =mj\[GMja;(1 — &), (10)

GM jm;j
E; =22 (1)
2a;
where e; the eccentricity of planet j. By making use of these relations we may adopt A,
@, a; or equivalently n;, and e; as dynamical variables. We comment that the difference
between taking m ; to be the reduced mass rather than the actual mass of planet j when
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evaluating M; in the expressions for L; and E; is third order in the typical planet to star
mass ratio and thus it may be neglected. The equations we ultimately use turn out to be
effectively equivalent to those obtained assuming the central mass is fixed. The Hamiltonian
may quite generally be expanded in a Fourier series involving linear combinations of the
2N — 1 angular differences w; — @y, j =2,3,...,Nand A} —w;, j=1,2,3,...,N.

3.1.3 Commensurabilities and averaging

Here we suppose that the important interactions are through the effects of the N — 1 first
order commensurabilities, p; + 1 : p;, with p; being a positive integer, associated with the
planets with masses m; and m 1, for j = 1,2, ..., N — 1, respectively. Corresponding to
this situation, we expect that any of the 2(N — 1) angles @11, ;.1 = (pj + DAj11 — pjij —
@j, Pjt1,j2 = (pj + DAjy1 — pjrj —@jp1, j = 1,2,3,...,N — 1, will be slowly
varying. Following standard practice (see, e.g. Papaloizou 2015; Papaloizou et al. 2018),
high frequency terms in the Hamiltonian are not expected to be of comparable importance
and are accordingly averaged out. In this way, only terms in the Fourier expansion involving
linear combinations of @ 1, and @y j o, for j =1,2,3,..., N — 1, as argument are
retained.

The eccentricity is assumed to be small such that terms that are higher order than first in
the eccentricities can be neglected. The Hamiltonian may then be written in the form

N N-1
H = Z E; + Z Hi k+1, (12)
k=1 k=1
where
Gmymy1
Hi k1 = T a [ek+1Ck k41 €08 Pyt 1,k,2 — €k Dy k+1 €08 Pry1 k1] (13)
+
with
| dblln/z(“) m
Crit1 = = [a———— + Cm + Db )r (o) — 2m + 2)adpm 1 |, (14)
2 da /
1 dbE (@) |
Dy 41 = 3 (ada +2(m + l)bj”;g (@) ] . (15)

Here the integer m = py, b’l”/2 () denotes the usual Laplace coefficient (eg. Brouwer and
Clemence 1961; Murray and Dermott 1999) with the argument o = ay /ax+1.
Using Egs. (6)—(9) together with Eq. (12) we obtain the equations of motion in the form

dej n; aj . .
T = |n T Pigrsin @i jr—mioiCioyjsin @ o2 | (16)
J Jj+1
2
dnj  3(pj-1+ Dnim; . )
= = Cj-1jejsin@jj—12— Dj1 jej—1sin®j j1,
dt Mj
2
3pjnimj+id; . .
T Mo |Cireirisin®@ipjo = Djjriejsin @)ty an
Jj4j+1

for j =1,2,3,4,...,N and
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dPjt1j1
# = (pj+Dnjt1—pjnj
t
nj|mj—i mj414d; .
- — Ci—1,jcos@j 12— —=Dj j+1 COSQ)‘_H,',]], with (18)
e,-[M_,- j=1j Jod Maj 0 L
d@ +1’ ',2
—L S = (pj 4 Dnjar — pjn;
dr
Mjt1 [ mj mj12djt1
- Cjjr1co8®@jiy jo— —————Djy1j42c08Pj12 jy11
ejr1 [Mjs 7 T Mynaje 7T Y
for j =1,2,3,...,N—1. (19)

3.1.4 Incorporation of dissipative effects

The effect of orbital circularisation due to tidal interaction with the central star may be
included by adding the eccentricity damping term —e; /f, ; to Eq. (16) and the term corre-
sponding to the induced energy dissipation 3n je% /te,j to Eq. (17). We remark that the latter
term is second order in eccentricity whereas only first order terms were considered in Sect.
3.1.3. However, that corresponds to the lowest order at which changes to the total energy of
the system occur. That dissipative effects can be incorporated in this way without adding in
higher order non dissipative effects is a common assumption in semi-analytic treatments of
the type undertaken below. These are later checked with numerical simulations.

We remark that the effect of torques leading to orbital migration can be incorporated by
adding an additional term 7 /tmig j to Eq. (17), where fpig, ; defines a migration time of
planet j. It is well known that such torques can lead to the setting up of commensurabilities
through convergent migration and to resonant chains when many planets are involved (see eg.
Baruteau et al. 2014; Papaloizou and Szuszkiewicz 2005; Papaloizou et al. 2018). However,
we shall not discuss the potential role of such torques further in this paper. Incorporating
orbital circularisation as indicated above Eqgs. (16) and (17) respectively become

de; nj aj . . ej
7d = 7M~ mij41 P Dj’j+1 sSin ®j+]’j’] — mj,lcj,l,j s @j,.,',l’z P (20)
! j aj+1 le, j

and

dn;  3(pj-1+Dnimj , ,
- _ : / |:Cj_1,jej Sln@j,j—ll—Dj—l,jej—lsm(pj,j—l,li|

dr M,
3pjnimjyia; . .
- W[Cmﬂeﬁl sin®ji1,j2 — Dj j+iejsin ‘Pj+1,j,1]
9
2
3nje;
le,j ’
for j=1,2,3,4,...,N. (21)

We remark that terms on the right hand sides of the above equations for which j takes
on a value such that a factor mgy or my4 is implied are to be omitted or one may set
mo = my+1 = 0. From now on we shall adopt the latter convention.
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3.2 Development of an approximation scheme applicable when the semi-major axis
variations are small

We shall consider the situation when the system is such that the commensurabilities are
significant but departures from exact commensurability are large enough that variations in
the semi-major axes can be neglected when calculating forced eccentricities. This corresponds
to calculating the response, or epicyclic motion, induced by interaction of a planet with its
neighbours assuming that these are on fixed circular orbits.

We begin by defining a new set of variables (x;, y;) such that x; = e;sin®; ;|
and y; = ejcos®jyq jfor j =1,2,..N — 1, withxy = eysin®y y—1,2 and yy =
ey cos Py y—1,2, and anew variable z; = 1/n; —1/n; o, where n; ¢ is a constant reference
value of n ;. Substituting these into Egs. (18)—(21) we obtain

dx;
(Tt'/ =((pj + Dnj1 —pjnj)y;
+ﬂ[mj+1LDj,j+1—mj—le—l,jCOSﬂj]—i, (22)
M; aji1 le,j
—L = —((pj + Dnjy1 — pjnj)xj + —=mj1Cjy jsin pj — ==, (23)
dr Mj le,j
for j =1,2,3,4,...,N—1 with
de nn XN
o ((pN—1+ Dnn — pn—1nN-1)yN — mmN—lcN—],N Ton 24
e,
dyy N
—— =—((pn-1+ Dny — py_1nN—1)XN — . (25)
dt le.N
and
dz; 3(pj—1+1Dmj )
W = _—Mj ijl,j(xj COS ,3./' -y smﬁj) — Djfl,jxj',l
3pimjyia;j .
# Cjj+1(xjrrcos Bjp1 — yjprsin fip1) = Dj j11X;
jdj+1

2 2
3654y

)

Njle,j
for j=1,2,3,4,...,N. (26)
Here we have set ; = ®@;41,j,1 — @ j—1,2 for j =2,3,..., N — 1. The latter definition

is not applicable for j = 1 or j = N. In practice we find it convenient and consistent
with the equations we use to adopt the convention of setting f; = By = 0 along with
mo = my+1 = 0 where the notation implies these appear.

3.2.1 Scaled variables and ordering scheme

We now set up an ordering scheme depending on two small parameters. The first, € is a
characteristic mass ratio m ; /M (we assume this is the same order independent of j). The
second, A is such that €2/3 /1 measures the departures from the first order commensurabilities
associated with the resonant angles in the development in Sect. 3.1.3. In order that the
deviation from commensurability be small, A may be small but > O(e%/3), for example a
possibility is that A is O (¢'/3). For simplicity we shall suppose that a single pair of parameters
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applies to all the planets in. a system rather than attempt to taylor a system to individual
planets.

In addition we consider solutions for which n is close to some value n j o associated with
a base state indicated with a subscript, 0, and define scaled variables indicated with a ™~ over
them such that

Xj =ij€]/3)», (27)
yj = y;€'Pa. and (28)
(pj+Dnji1 —pjn; :LZ)]#LJ'GZ/S/X. (29)

Along with this, with reference to the base state we define
(pj+ Dnjiio—pinjo = (@j41,))0€> /. (30)

The intention here is that the scalings are chosen such the quantities X and y will be of order
unity while ;1 ; with be comparable to 1 ¢ in magnitude (note that € and A are assumed
to be positive with ;1 ; being of either sign). In addition we find it convenient to define
Z; through

zj = €¥3z; (31)
and a scaled time t through
t=tre 3 (32)

Here we expect that the characteristic magnitude of zZ; will be of order 1/n; o and we
shall see that (n; — njo)/n; o, which gives the characteristic magnitude of the relative
amplitude of oscillations of the semi-major axes, will be of order A>¢2/3, which from (27) is
characteristically the square of a forced eccentricity.

Together with (30) this implies that the ratio of the relative variation in the semi-major
axes to the characteristic relative deviation from commensurability is of order 2. When this
is small, as is assumed, fluctuations of the semi-major axes will not affect the closeness to
commensurability and thus may be neglected when calculating the forced eccentricities at
the lowest order approximation.

Expressed in terms of the above scaled variables, Egs. (22)—(25) lead to

div_(cj)‘ ) ~‘+n]%() . aifD —m (C' ) .
dr  \@itLj)oY; M; mj+1 4 .+l . mj—1(Cj-1,j)oc0s B;

+ 003 + 0023 - tx—f (33)
e
dy; - ., Mmoo .
e = T @inoRs + et (Gt j)osin
+003) + 002 - ty—’ (34)
e
for j=1,2,3,4,...N—1 with
dxy - - ny,o
o _ _ N0 (O
it (@N,N-1)0YN My my-1 (Cn-1.8),
+ 003 + 0023 - 2N (35)
te,N
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and

dyn . - N

o = @y + 003 — 2=, (36)
T te,N

Here we assume . ; is constant or equivalently evaluated for the background state with the
subscript 0 being dropped and we have 7, ; = 62/3)L_1tg,j with O (A3)+ 0 (A%€*/3) indicating
that additional omitted terms are either of order A3 or A2¢%/3 compared to those retained.
These will subsequently be neglected. However, it should be noted that these corrections are
derived for the simplified system governed by (18)—(21) for which high frequency corrections
have been dropped. Such corrections may appear in the analogues of (33)—(36) when the full
system is considered and have larger amplitude than implied by the magnitude of the above
corrections. Notably the simple model assumes that they can be averaged out. We note that
the subscript 0 attached to a bracket as well as a particular quantity indicates evaluation at
the background state with n; = n; o. Following the same procedure in the case of Eq. (26)
leads to

1 dz; 3(pi—1+ 1)m;_y - . -
= :_%[(Cj_l,j)o(xjcosﬂj—yjs1nﬂj)—(Dj_1,j)OXj_1i|

22 dr eM;
+ 3Pyt <a7,> [(Cj,jﬂ)o(fjﬂ cos Bjy1 — yjt+18infBjy1) — (Dj,j+1)oij]
€M 4j+1/0
3G +57)
B njyofg,j ’
for j=1,2,3,4,...N. 37)

Importantly for our application, we remark that Eq. (37) indicates that the amplitude of
oscillations in Z; is reduced by a factor of 12 as compared to the magnitude of ¥ j- Using the
scaling relations (27)-(31) and, given that X; is of order unity, this implies that the relative
amplitude of semi-major axes oscillations is ~ €2/31% ~ ¢2 as was indicated above (see
discussion below Eq. (32)). Accordingly as was also indicated there, this enables us to adopt
a strategy of determining the evolution of the eccentricities assuming that the semi-major
axes do not change and then using the results to determine the slow rates of change of the

semi-major axes.

3.3 Finding the forced eccentricities

As the first step in determining the evolution of the eccentricities, we note that from Eqgs.
(21) and (18) we find that

dgj _d®ji1j1  dPj 12

dr dt dr
=(pj+Dnjp—(pj+pj—1+Dnj+pj_inj_
for j =2,3,..,.N—1 (38)

or in terms of scaled variables

dg; - - ~ ~
dfrj =@j41,j — @j -1 = @j4+1,))0 — @], j—1o + O?), (39
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where O (33) indicates corrections due to the variations of the mean motions that are small
when A is small and that accordingly will be neglected from now on, though we shall bear
in mind that in addition, rapidly oscillating corrections have been averaged out in the model,
and take care about noting their presence.

3.3.1 Condition for a Laplace resonance

Notably the condition for the right hand side of Eq. (38) to vanish corresponds to the condition
for a Laplace resonance. It is important to note that if it is satisfied for the background state
then under the approximation that the variation of the semi-major axes is neglected we
find that B; is a constant that is not determined in this approximation scheme. In reality
it should be regarded as slowly varying, with the variation being determined at a higher
order of approximation. This means that the description will be incomplete at the lowest
order approximation used here when there is a strict Laplace resonance (for more details see
below).

3.3.2 Determining forced eccentricities

We now determine the epicyclic response by solving Eqgs. (33)—(36) and (39) with corrections
03 + 01223 neglected. It can be seen that this this amounts to solving a linear forced
harmonic oscillator problem. In doing this we find the solution assuming that transients have

decayed which will have happened on the circularisation time, f, ;. The amplitudes /)2]2 + }Jz

correspond to the forced eccentricities of the planets induced by the perturbations of their
neighbours assumed to be on circular orbits for this purpose.
It is easy to. show that the solution described above can be written in the form

ai(cosBi/te i — (@i i—1)osin B; it
).C,j _ j( ﬂ]~/ e,j 2( . J ~;)0 /3]) _ Vj/ze,] - and (40)
(@), ;-1 +1/1,; (@) +1.))5 +1/1; )
5 = aj((1/te,j)sin Bj + (@), j-Docos ;) Vi (@j+1,5)0 @1
! (@; -3+ 1/22 (@11, )5+ 1/i2 )
. nj
forj=1,2,3,.., N — 1, whereaj = %Mjmj—l (Cj_l,j)o and
l’lj,o aj
= (0,,)
j M; i+ <aj+1 i+ .
We remark that with our notation convention «; = Yy = 0. In addition
Gy = — ay and §y = an(@ON,N-1)0 @2)

feN(@N.N-DF+ 1/2)) C(@yN-DF 1)

3.3.3 Conditions for libration

From Egs. (40) and (41) we find that (X, ;) lies on the circle

@ Springer



The orbital evolution of resonant chains of exoplanets... Page 110f27 30

~ 2 2
. Vilte,j - Vi @j+1,7)0
P — + 5+
(x’ (@j11.))5 + 1/?3,,-)) (y’ (@j+1.))5 + 1/?3,,-))
o (43)
(G 1/121')

with centre at

T (@41,
] Vj/2e,; S — VJ(“’J;L-')O? in the (%, §) plane.
(@105 +1/1, ) (@415 + 1/t )

Accordingly, noting that e; is the cylindrical polar radius and /2 — @1 ;1 is the
cylindrical polar angle, as (X, y;) moves on this circle, the condition for librationof @1 ; 1
is that the circle does not enclose the origin in the (X, ;) plane. This in turn implies that

2 2
Y o

> .
(@j+1,)05+ /12 )~ (@j,j-105 + 1/ )

(44)

One can also see that in the limit of large circularisation times, for which we may assume that,
(@), ;- 1)0|t~e, j > 1, which is the case of interest here, the centre of the circle will lie very
close to the positive/negative y axis according to whether, y; /(w;11, )0, is negative/positive.
Corresponding to this the libration of @ ; 1 will be about zero or 7 according to whether
yj/®wj41,; is negative or positive.

Similarly, by considering the trajectory of ()E} =XjcosfB; —y;sinp;,y =y;cosB; +
f_,' sin ,3/) in the (¥’

i }}) plane the condition for the libration of the angle @; ;i 5 is found
to be

2 2
Y ®;

= < = .
(@415 + /T2 ) (@),j-05+ /17 )

(45)

In this case one finds that in the limit of large circularisation times that the libration will be
about zero or 7 according to whether «j /(@;, j—1)o is positive or negative.

The above discussion indicates that one of @ ;| or @; ;| > may librate but not both
An exception occurs when an angle f; is constant. In that case the phase points do not move
around the circles and are thus fixed corresponding to zero. amplitude libration. From Eq.
(38), as noted above we recall that this special condition corresponds to a Laplace resonance
for which

(pj+Dnjr1—(pj+pj-1+Dnj+pjn;j1=0 (46)

is evaluated for the reference base state. For the special cases with j = 1 and j = N, as the
terms involving o and y that respectively appear in the conditions (44) and (45) are zero,
these imply that @, 1 and @y n_ 2 are librating after transients decay.

3.4 The rate of change of the semi-major axes
Substituting the the eccentricities given by (40) - (42) into Eq. (37) and taking a time average,

we obtain an equation from which the mean rate of change of 7 ; and hence the semi-major axes
may be found. Typically the time scale involved is the product of 6;2 and the circularisation
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time which is expected to be very much longer than the time scale associated with the
oscillation of the angle, 8;, justifying taking a time average. In this way we find

1dz;  3(pj—1+ Do ( aj/le, L Dicy Vi—1/te j-1
(@;
0

A2 dt nj.0 j.j—1 + 1/1?3"/.) Cj—l,j (‘Z)?’j_] + 1/1?3"/-_1)
_3pj¥i Cjjn @1 /Te j41 Djj+1 ¥/l
njo Djj+i (‘Z)?Jrl,j + I/E;Zngrl) Cjj+1 (5)3+1,]’ + l/lzj) 0

2 2
3 o Vi
- 7 ~2 " 25T =3 ’ 2 ’ 47)
njole,j ((Uj,j_l + l/te,j) (wf'i']»./ + l/te.j) 0

forj=1,2,...N.

It is important to note that when there is a Laplace resonance 8; is an undetermined
constant within this approximation scheme and so the terms involving it cannot be averaged
out. In reality its behaviour is determined by terms that have been neglected and so the above
approximation scheme is inapplicable in this case.

3.4.1 Conservation of angular momentum

From (47) we find that

N

M d3
S PITIS g, (48)
Aajo dr

Jj=1

This is a statement of the conservation of angular momentum in the small eccentricity limit
as can be seen by writing it in terms of unscaled variables in the form

N d -
ij,/GM.,( f)ozo. (49)
j=1

4 Numerical simulations

We now present simulations carried out adopting representations of the HD 158259 and
EPIC 245950175 systems. In these, Eqs. (1)—(4) were solved as in previous work (see eg.
Papaloizou 2015, 2016) though in this case migration torques were not included.They were
all initiated assuming zero eccentricities and random orbital phases. In particular we test the
predictions of the semi-analytic model described in Sect. 3. Before describing the results for
each system we give preliminary discussions of their main parameters.

4.1 HD 158259

The parameters for this system are taken from Hara et al. (2020) and are listed in Table 1.

The period ratios associated with consecutive pairs listed beginning with the innermost pair
and moving outwards are 1.5758, 1.5146, 1.5296, 1.5130, and 1.4480. In our simulations
we investigate secular evolution driven by dissipative tidal effects. As indicated by the semi-
analytic model this is not expected to depend on the initial orbital phases as was verified
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;:fa:fnlteésdsoprtfl?epglgei 58259 HD 158259
system Orbital period (days) Mass (Mg)
2.178 2.2
3.432 5.6
5.198 5.4
7.951 6.1
12.03 6.1
17.42 6.9

by considering a variety of simulations where these were are chosen at random all of which
yielded qualitatively similar results. The planets were not found to be in mean motion reso-
nance initially. We focus on representative cases below.

Given the central mass M = 1.08 M, and adopting a characteristic planet mass of 6 Mg
we set € = 2.0 x 1073, According to Eq. (30) and the discussion immediately below that
the choice of A should be such that €2/3 /) represents an estimate of the fractional deviation
from commensurability. Using Eq. (30) with the above choice of €, the above period ratios
indicate that 62/3/A = 0.096, 0.019, 0.038, 0.017, and 0.07. The parameters A and € were
introduced as dimensionless parameters in an ordering scheme that should be small enough
for the semi-analytic treatmment of Sect. 2 to be applicable. The value of A should indicate an
order of magnitude and as it is not used in any calculation there is some latitude in its choice.
On this basis we make a representative choice for the single value A = 0.02 to define the
scaling. This small value is suggestive that the semi-analytic procedure discussed in Sects.
(3.3.2) and (3.3.3) for calculation of the resonant angle dynamics and epicyclic response is
likely to be applicable. This is explored by testing against the results of our simulations. The
evolution of the semi-major axes depends on whether there are effective Laplace resonances
(see discussion in Sect. 3.3.1).

4.1.1 The possibility of Laplace resonances

For this system we find the three three planet relations that are closest to zero are (3n3 — 5n, +
2n1)/2ny = 0.066, (3n4 — 5n3 4+ 2n3)/2n3 = —4.8 x 1073 and (Bns — S5nq +2n3)/2ng =
0.02. The vanishing of these would imply a strict Laplace resonance, These Laplace resonance
conditions are satisfied with approximately the same precision are that of the first order
resonances, the latter ranging between 0.017 and 0.096. Accordingly we might expect the
simple semi-analytic model to be applicable to the estimation of the rate of evolution of the
semi-major axes.

4.2 Simulation results

We present the result of simulations with O’ = 1, and Q' = 2 for all planets in the system.
An estimate of the mean density, p; = 1.1pg is only available for the inner most planet. In
order to apply Eq. (3) for the circularisation time we assumed the same value for all planets.
Alternatively our specifications can be regarded as equivalent to setting Q" (p;/ pe)>/3 to be
the same for each planet. In that case the simulations can be regarded as being for Q' =
(1.1pg/p;)>"* and Q" = 2(1.1pg/p;)>/.
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Fig. 1 The evolution of the resonant angles showing sustained libration for HD158259 with Q" = 1. In this
figure and all those below times are expressed in years. The top left panel shows ®> 11 =31y — 211 — @].
The top right panel shows ®g 5 2 = 316 — 245 — @¢. The leftmost panel in the middle row shows @3 5 » =
3A3 — 242 — @3. The rightmost panel in the middle row shows @3 5 | = 313 — 24y — @>. The bottom left
panel shows @5 4 5 = 345 — 244 — @s. Finally the bottom right panel shows @5 4 | = 3A5 — 244 — @4.

In Fig. 1 we show the evolution of the resonant angles that end in clear libration after
~ 1.4 x 10%y for the case with Q' = 1 having started with random orbital phases. These
are @211 = 3k — 20 — wy. P52 = 3he — 2A5 — We. P322 = 343 — 24y — w3,
@321 = 303 — 20 — @2. P5a2 = 3h5 — 204 — ws. and Ps541 = 3As5 — 24 — wa.
Note that there are short period fluctuations in these quantities in this and other figures
that are not resolved on the scale shown. Notably regular oscillations are expected from the
forced eccentricities determined in Sect. 3.3.2. In addition to these there are other fluctuations
neglected in the averaging process that led to the simplified model equations. These may be
crudely characterised by considering the parameter f;. = 2GeM/ (Av%), with vg and A
being the relative velocity and distance of closest approach of neighbouring planets, here
assumed to be initially on orbits that can be assumed to be circular. When this dimensionless
quantity < 1 it measures twice the magnitude of the fractional change in the relative velocity
that occurs were the gravitational interaction between the planets during closest approach
treated as a simple two body scattering with the central mass and other planets being neglected
(see eg. Lin and Papaloizou 1979). Note that this change is induced during the phase of the
encounter prior to closest approach and then it is subsequently reversed. Net changes of the
semi-major axes as a result of the encounter are found to be second order in f;. (see Lin and
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Table 2 Librating resonant angles for the HD 158259 system

Resonant angles of the form ¢ 11 ;.1 =344 — 24 — @

Resonant Expected <%7t1;;3>2 sgn (@ﬁfﬁ)
angle libration center

3 -2 - (j=1) 0 - -

303 =20 —w2 (j =2) 0 16.88 .

3hs =204 — w4 (J =4) 0 6.34 —

Resonant angles of the form ¢ j_12 =31; —=2A;_| — @;

- 2
aj/(@j,j—1)0 aj
Resonant Expected < Ly~ sgn @i

vil(@jt1,j)0

angle libration center

303 =20 —w@3 (j =3) b4 4.34 -
3ks =204 — w5 (j =5) T 11.47 -
3k — 215 — g (j =6) 0 - +

Quantities associated with the determination of whether resonant angles are expected to librate using the semi-
analytic approach of Sect. 3.3.3 in the limit of large circularisation times are tabulated. The first column gives the
resonantangle. This is of either the form¢ 1 ;1 =34 ;41 —2Aj—wjorg; j_12 =3%;—21;_—w;.The
second column gives the derived libration center. The third column gives ((y i/ (@j41,7)0)/(@j/(@) j—1 )0))2
in the case of angles of the form ¢ ;1 ;| and ((ozj/(d)j_j_] )0)/ (v /(d)j_H .j)O))2 in the case of angles of the
form ¢;, j—1,2. The angles for which these quantities can be defined are expected to librate when they exceed
unity but they play no role when the resonance involves the innermost or outermost planet (see discussion in
Sect. 3.3.3 and in particular Eqs. (44) and (45)). The fourth column gives the either the sign of y; /(@ 11, )0
ora;/(@j, j—1)o- which determine the center of libration for the associated angles as described in Sect. 3.3.3.
Only the angles that librate are considered. These are shown in Fig. 1

Papaloizou 1979). For planet j, fyc, may also be written as f;. = 8¢(a;/ A)3/9. Adopting
€ =2x 107 and A/a; = 0.25, f;. is estimated to be ~ 0.0011. The magnitude of the
expected relative excursion the semi-major axis is ~ fyc|vrl\/a;/GM ~ 1.5f.Ajaj ~
0.0004 The characteristic relative excursions of the semi-major axes of the six planets in the
system illustrated in the discussion of the evolution of the semi-major axes presented below
are found to vary between ~ 0.0002 and 0.0006. Thus there appears to be consistency with
the simulations given the approximations made in order to obtain the estimates in the above
discussion.

We used results of the semi-analytic theory discussed in Sect. 3.3.3 to determine which of
the resonant angles @;41,;.1,1 < j <5,0or®; ;12,2 < j <6, were expected to librate.
The criteria adopted are given by Eq. (44) in the former case and Eq. (45) in the latter case.
Whether the libration is about zero or 7 in the former case was specified according to whether
vj/(@j11,)o s negative or positive, and in the latter case according to whether o /(@;, j—1)o
was positive or negative. Some of the parameters involved are tabulated in Table 2. Note too
that the above criteria do not depend on the values of the scaling parameters € and A as
these cancel out. We remark that they correctly predict the libration of @g 5 > associated with
planets 5 and 6 even though the departure of these from commensurability is significantly
greater than for other pairs. In this context we remark that libration may still occur for such
moderately large departures (see eg. Papaloizou 2011, 2015). Our numerical results were
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Fig. 2 The evolution of the eccentricities for HD 158259 with Q' = 1. The top left, top right, middle left,
middle right, bottom left and bottom right panels respectively show the eccentricities of the six planets starting
from the innermost and moving consecutively to the outermost
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Fig.3 The evolution of (3n3 — 5np +2n1)/(2ny) (left panel) and (3n4 — Sn3 + 2n2)/(2n3) (right panel) for
HD 158259 and Q' = 1. These quantities would vanish in the limit of small eccentricities if there was a strict
Laplace resonance between the innermost three planets in the former case and the second, third and fourth
innermost planets in the latter case. In this case fluctuations in these quantities are relatively small compared
to their deviations from zero as they evolve

found to be fully consistent with the above determinations and the discussion in Sect. 3.3.3
thus confirming the applicability of the simple analytic model.

The evolution of the eccentricities for the six planets is illustrated in Fig. 2. Their character-
istic values are steady and ~ 0.001. However, fluctuations can reduce them to near zero. Root
mean square eccentricities for planets (j = 1—6) estimated from the analysisin Sect. 3.3.2 are
respectively 0.0002, 0.0017, 0.00148, 0.00163, 0.00167 and 0.00045. Corresponding mea-
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Fig.4 The evolution of the
semi-major axes for HD 158259
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Fig.5 Asin Fig. 1 but for Q' = 2.

surements of 0.7 x steady maximum values are 0.0011, 0.0014, 0.0018, 0.0018, 0.0018 and
0.00053 which are similar but with the largest discrepancy applying to the innermost planet.
This is likely to be because this planet is the furthest from resonance making the estimated
eccentricity smaller in magnitude in comparison to that induced by neglected effects.

The evolution of the quantities (3n3 —5n2+2n1)/(2n,) and (3n4 —5n3+ 2n,)/(2n3) are
illustrated in Fig. 3. It can be seen that although there are fluctuations in these quantities, their
amplitude is relatively small compared to the distances of their means from zero. It can also be
seen that the means are slowly evolving towards zero which will be attained more quickly in
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Fig.7 Asin Fig. 3 but for Q' = 2.

the latter case on a characteristic time scale ~ 2 x 107 Q’y, where we have assumed scaling of
this evolution time scale. with Q’ (see below). If the system was formed with orbital periods
close to their present values, in order to avoid being significantly closer to strict Laplace
resonances, the above discussion indicates that we require Q’ > 100z, /(2 x 10%y) where t,
is the time since formation.

The evolution of the semi-major axes for the six planets is illustrated in Fig. 4 from which
it can be seen that, after averaging out fluctuations, the innermost two are moving inwards
and the next planet (j = 3) is moving outwards. Any secular movement of the outer planets
is significantly smaller.
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Fig.8 As in Fig. 4 but for L : l
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For the innermost planet (j = 1) the value dlog(a)/dt = — 5.4 x 10~12 y_1 was
measured from the simulation, whereas the value estimated from (47) after removing the
variable scaling (and hence the parameters € and 1) was d log(a)/df = —3.4 x 10712y~
The corresponding values for planet (j = 2) were respectively dlog(a)/dt = —2.8 x

101 y=1 and dlog(a)/dt = —2.8 x 10~'1y~!. For planet (j = 3) they were respectively
dlog(a)/dt = 2.8 x 10~'1y~! and dlog(a)/dr = 2.5 x 10~ 1y~

For planets (j = 4,5, and 6) values could not be reliably measured while very small
values were estimated from (47), being respectively, dlog(a)/dr = —3.1 x 1073y~
dlog(a)/dt = 1.1 x 10712y~! and dlog(a)/dr = 1.8 x 10~ 14y~

These results indicate that the dominant evolution will be the inward migration of the
two inner most planets balanced by the outward migration of the third planet (j = 3). The
rates of evolution determined from the simulation and the simple semi-analytic model are in
reasonable agreement with the innermost planet’s migration being somewhat underestimated
in the latter case. This may be on account of the distance of this planet from commensurability
asindicated above. The most rapid inward migration occurred for the second innermost planet
being on a time scale ~ 1.6 x 101°Q’y.

In order to check the scaling of the above results with Q’, we have repeated the above
simulation with Q" = 2 and the results corresponding to Figs. 1, 2, 3 and 4 are illustrated in
Figs. 5, 6,7 and 8. As expected the evolution of the semi-major axes is consistent with being
slowed down by a factor of two as is the evolution of the resonant angles and eccentricities.
In particular the resonant angle @, 1,1 = 312 — 2A; — @ only starts to enter libration at
the end of the simulation while the eccentricities eventually attain similar values but more
slowly.

4.3 EPIC 245950175

The parameters for this system also known as K2-138 are taken from Lopez et al. (2019)
and are listed in Table 3.

The period ratios associated with consecutive pairs listed beginning with the innermost
pair and moving outwards are 1.5129, 1.5183, 1.5284, 1.5446 and 3.289. The same consid-
erations apply to these simulations as to those of HD 158259. As for that system the planets
were found not to be in mean motion resonance initially.

Given the central mass M = 0.98 M, and adopting a characteristic planet mass of 6 Mg
we set € = 2.0 x 107>, Using the relation (30), the above period ratios suggest €2/3 /x =
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Table 3 Adopted planet

parameters for the EPIC EPIC 245950175
245950175 system Orbital period (days) Mass (Mg) Mean density (og)
2.353 3.1 0.88
3.560 6.3 0.51
5.405 7.9 0.57
8.261 13.0 0.33
12.76 1.6 0.064
41.97 4.3 0.16

0.017,0.024,0.037, and 0.058 as being appropriate to the four consecutive pairs starting
with the innermost pair and moving outwards and thus we make the representative choice for
the single value A = 0.03 to define the scaling. We do not consider the outermost pair in the
above discussion as they are not near a first order resonance and thus the outermost planet
is found not to contribute significantly to the dynamics of the inner ones. This discussion
indicates that the simple procedure discussed in Sects. 3.3.2 and 3.3.3 for the calculation of
the epicyclic and resonant angle dynamics should be applicable. However, this is not the case
for the evolution of the semi-major axes on account of the effect of Laplace resonances (see
discussion in Sect. 3.3.1).

4.3.1 Potential Laplace resonances

For this system we find the three planet relations, the vanishing of which imply a strict Laplace
resonance, (3n3 —5S5ny+2n1)/2ny = 8.47 x 10~4, (3n4 —5n3 +2n3)/2n3 = —2.82 % 1074,
and (3ns — S5n4 + 2n3)/2n4s = —4.74 x 10~*. In contrast to the HD 158259 system, the
Laplace resonance conditions are satisfied with a significantly greater precision than are the
first order resonances. Typically the ratio of the deviations is ~ 102 and they exceed A3 by
around only one order of magnitude. In addition the magnitude of these deviations turns out
to be less than that associated with short term variations in the semi-major axes (see below).

4.4 Simulation results

We have performed sets of simulations with Q' = 1, and Q' = 3. In Fig. 9 we show
the evolution of the resonant angles that end in clear libration after ~ 1.5 x 10°y for the
case with Q' = 1. These are @211 = 3X2 — 241 — w1, P32.1 = 3A3 — 24 — w2,
D432 =304 —2A3 — w4, P43 = 3h4 — 203 — w3. and D542 = 3h5 — 244 — ws5. The
expected libration of the above angles and whether the libration is about zero is again found
to be fully consistent with the discussion in Sect. 3.3.3 and confirms the applicability of the
simple analytic model on this context. Some of the parameters involved are tabulated in
Table 4.

The evolution of log(a/(0.15au), a being the semi-major axis for the outermost planet is
also shown. This planet is non resonant and plays only a small role in the evolution of the
inner planets. Its semi-major axis shows negligible change in the mean.

The evolution of the eccentricities for the six planets is illustrated in Fig. 10. Their charac-
teristic values are steady and ~ 0.001. However, fluctuations can reduce them to near zero in
some cases. Root mean square eccentricities for planets (j = 1—5) estimated from the analy-
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Fig. 9 The evolution of the resonant angles showing sustained libration for EPIC 245950175 with Q" = 1.
The top left panel shows @5 1 1 = 312 — 241 — @y. The top right panel shows @3 5 1 = 313 — 21y — @».
The leftmost panel in the middle row shows @4 3 5 = 314 — 243 — wy. The rightmost panel in the middle
row shows @43 1 = 344 — 213 — @3. The bottom left panel shows @5 4> = 345 — 244 — 5. Finally
the bottom right panel shows the evolution of log(a/(0.15au), a being the semi-major axis for the outermost
planet. This undergoes small amplitude oscillations with negligible mean evolution and does not significantly
affect the evolution of the inner planets

sisin Sect. 3.3.2 are respectively 0.0018, 0.0018, 0.0021, 0.0011 and 0.0011. Corresponding
measurements of 0.7 x steady maximum values, also being approximate mean values in the
cases of planets (j = 3) and (j = 4), are respectively 0.0020, 0.0020, 0.0010, 0.0010 and
0.0013. which are similar but with the largest discrepancy applying to the third innermost
planet. This is likely to be associated with the effects of a Laplace resonance producing a
significant effect on its migration (see below). The outermost planet attains eccentricities up
to 0.001 but these are through non resonant interactions.

The evolution of the quantities (3n3 — 5Sny + 2n1)/(2n2), (3na — 5Sn3 + 2n3)/(2n3) and
(3ns—5n4+2n3)/(2n4). are shown in Fig. 11. The vanishing of these indicates the presence
of a Laplace resonance. Here these three quantities maintain a mean value that remains
close to zero throughout the evolution indicating the significance of these resonances. This
is in contrast to the HD 158259 system discussed above even though the migration rates are
comparable or faster in this case. The evolution of the resonant angles @321 — @212 =
303 =5A2+2A1, Pa31— D322 =30 —5S5A3+2x and D541 — Pa 32 = 3h5 —Sha+ 213
are also shown in Fig. 11. These would exhibit small amplitude librations were there to be
strict Laplace resonances. However, in these simulations the angles can take on values in
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Table 4 Librating resonant angles for the EPIC 245950175 system

Resonant angles of the form ¢ 11 ;.1 =344 — 24 — @

Resonant Expected <%7+/1;;3>2 sgn (m)
angle libration center

3 -2 - (j=1) 0 - -

303 =20 —w2 (j =2) 0 2.788 .

3 =203 — @3 (j =3) 0 1.44 —

Resonant angles of the form ¢ j_12 =31; —=2A;_| — @;

- 2
Resonant Expected ( %j/@;.j=1)0 > sgn ( B - )

vjl(@j11,7)0 (@j,j.—l)O
angle libration center
3 =203 —wy (j=4) b4 75.67 -
35 — 204 — s (j = 5) T 3.985 x 10° -

Quantities associated with the determination of whether resonant angles are expected to librate using the
semi-analytic approach of Sect. 3.3.3 in the limit of large circularisation times are tabulated as in Table 2 but
for the EPIC 245950175 system. The resonant angles considered are shown in Fig. 9

0.004
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0.002
0.001

Eccentricity
Eccentricity

0 5.0x10° 1.0x10® 1.5x10% 0 5.0x10° 1.0x10%° 1.5x10°
time time

RARIRaRS L

Eccentricity
Ecentricity

T T 1
0 5.0x10° 1.0x10%° 1.5x10°
time

Eccentricity
Eccentricity

0 5.0x10°> 1.0x10% 1.5x10° 0 5.0x10*> 1.0x10° 1.5x10°
time time

Fig. 10 As in Fig. 2 but for EPIC 245950175 with Q" = 1.
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Fig. 11 The evolution of the resonant angles @3 7 | — @3 1 2 = 343 — 5A2 + 21 (top left panel), @43 1 —
@352 = 3hq4 — 5A3 + 217 (left middle panel ) and @54 1 — @432 = 315 — SAq + 243 (bottom left
panel) towards the end of the simulation for EPIC 245950175 with Q’ = 1. Although these do not librate the
distribution of the first two over (0, 277) exhibit a slight degree of nonuniformity (see text for more detail). The
upper right, middle right, and lower right panels respectively show the evolution of (3n3 —5ny +2n1)/(2n2),
(Bng —5n3 +2n7)/(2n3) and (3ns — Sng + 2n3)/(2n4). In this case these three quantities maintain a mean
value that stays in the neighbourhood of zero throughout the evolution indicating the significance of the
corresponding Laplace resonances
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Fig. 12 As in Fig. 4 but for EPIC
245950175 with Q' = 1.

Log(0,/a,)+0.0008(i—1)

the entire interval (0, 27r) though the distributions for the first two show a small degree of
nonuniformity. This is most pronounced for, @4 3,1 —®3,22 = 3A4—5X3+2A2, for which the
condition (46) is closest to being satisfied initially (see Sect. 4.3.1). During the simulations,
fluctuations in the semi-major axes (see Sect. 4.2) lead to fluctuating departures from (46)
with amplitudes that significantly exceed the initial departures indicated in Sect. 4.3.1. Their
amplitudes and persistence times enable the resonant angles to range over (0, 2r) (see Eq.
(38).

The evolution of the semi-major axes for the six planets is illustrated in Fig. 12 from
which it can be seen that, after averaging out fluctuations, the innermost three are moving
inwards and the next two planets (j = 4) and (j = 5) are moving outwards. Any secular
movement of the outermost planet is not expected as it is not in resonance and it is seen to
be significantly smaller.

For the innermost planet (j = 1) the value dlog(a)/dt = — 1.7 x 10710 y=1 was
measured from the simulation, whereas the value estimated from (47) after removing the
variable scaling (and hence the parameters € and A) was dlog(a)/dt = —4.2 x 10~10 y~ L

The corresponding values for planet (j = 2) were respectively
dlog(a)/dt = —1.2 x 10~19y~! and d log(a)/dt = —8.7 x 10~ 12y~1.

For planet (j = 3) they were respectively d log(a)/dr = —3.3x 10"y~ andd log(a)/dr =
9.5 x 107 Hy=1,

For planet (j = 4) they were respectively d log(a) /dt = 6.7 x 107y~ and dlog(a)/dr =
1.9 x 107 1y=1,

For planet (j = 5) they were respectively d log(a)/df = 2.7 x 107'%y~! and

dlog(a)/dt = 3.3 x 10712y~

For planet (j = 6) no change could be measured fn the simulation and as it was not in
resonance we give no estimate from the semi-analytic model.

These results reveal a discrepancy between the simulation and the semi-analytic model
which is likely to be due to the presence of active Laplace resonances as indicated in
Sect. 3.3.1. According to the semi-analytic model, the dominant inward migration occurs
for the innermost planet while the dominant outward migration occurs for the planet (j = 3).
Others move significantly more slowly. However, in the simulation the innermost two planets
move inward the most rapidly at comparable rates while the planet (j = 3) moves inwards
more slowly and planet (j = 5) now moves outward the most rapidly. This indicates the
interaction is spread among more planets than expected from the simple model because of
linkage through the three Laplace resonances highlighted in Fig. 11. The linking of more
planets results in maximal migration rates that are somewhat smaller. In order to check the

@ Springer



The orbital evolution of resonant chains of exoplanets... Page 250f27 30

scaling of the above results with Q’, we have repeated the above simulation with Q’ = 3. The
evolution of the semi-major axes was indeed found to be consistent with being slowed down
by a factor of three as is the evolution of the resonant angles and eccentricities. The most
rapid inward migration in the simulation occurred for the innermost planet which, assuming
this scales o« Q’ occurs on a time scale ~ 2.5 x 10°Q’y. The time scale to significantly
affect a period ratio is around a hundred times less. Thus this will be significantly affected if
Q' < 100(1,/2.5 x 10%)y.

5 Discussion

In this paper we have developed a semi-analytic model for a planetary system consisting of
a resonant chain undergoing orbital circularisation in Sects. 3-3.1.4. This used an approx-
imation scheme which assumed that near first order resonances among nearest neighbours
dominated the dynamical interactions. A set of variables useful for calculating the forced
eccentricity response when changes in the semi-major axes could be neglected was intro-
duced in Sect. 3.2 . In order to obtain conditions enabling such an approximation, scaled
variables were introduced in Sect. 3.2.1. The scaling involved two small parameters, the first
characterising the typical ratio of planet mass to central mass, €, and the second, €23 /A, with
X} assumed small but < O (e2/3), characterising the magnitude of the deviation of the near first
order resonances from strict commensurability. The calculation of the forced eccentricities
can be separated from consideration of the evolution of the semi-major axes, as was done in
Sect. 3.3 when A is sufficiently small.

Following this procedure can be seen to be equivalent to calculating forced eccentricities
from the epicyclic motion produced in response to perturbing planets assumed to be on
on fixed circular orbits. This response can then used to calculate the rate of change of the
semi-major axes. In Sect. 3.3.1 the possible presence of three body Laplace resonances
was considered. When the conditions for these to occur are satisfied to a significantly greater
precision than the conditions for the first order resonances, features not included in the model
are required to complete the procedure and determine the rate of change of the semi-major
axes. That becomes unreliable if they are not included.

The calculation of the forced eccentricities was described in Sect. 3.3.2 and conditions for
resonance angles to librate, together with the location ofthe centre of libration, should that
occur, was given in Sect. 3.3.3. Following on from this the calculation of the rate of change
of the semi-major axes was given in Sect. 3.4.

We then went on to perform numerical simulations of the HD 158259 and EPIC 245950175
six planet systems in Sect. 4. The aim was to determine the effects of orbital circularisation
as well as test the applicability of the simple analytic model.

In Sect. 4.1 we gave a description of the parameters of the HD 158259 system noting in
Sect. 4.1.1 that the conditions for the occurrence of Laplace resonances are satisfied with
approximately the same precision as the conditions for exact 3:2 first order commensurability
among these planets and so they are not expected, and indeed not found to play a significant
role. Simulation results for 9’ = 1, and Q' = 2 were presented in Sect. 4.2. It was found that
the simple analytic model was able to determine which resonant angles went into persistent
libration and led to reasonable estimates of forced eccentricities in most cases. Furthermore
the rate of evolution of the semi-major axes could also be reliably determined. Notably this
system was found to be evolving towards a state in which two Laplace resonance conditions
would be satisfied. To avoid evolving significantly closer to strict Laplace resonances we
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estimated that we need Q' > 1001,/(2 x 10%y) with 7, being the time since formation in
years.

We then went on to perform simulations of the EPIC 245950175 system giving a descrip-
tion of this in Sect. 4.3. As was noted in Sect. 4.3.1, in contrast to the HD 158259 system, the
conditions for the occurrence of Laplace resonances are satisfied to much greater precision
than are the conditions for the first order 3:2 resonances, where these occur, and so they might
be expected and indeed were found to play a significant role.

Simulation results for Q' = 1 and Q' = 3 were discussed in Sect. 4.4. In this case
the simple analytic model was also able to determine which resonant angles underwent
persistent libration and lead to reasonable estimates of forced eccentricities. However, the
rate of evolution of the semi-major axes could not be determined reliably on account of the
existence of Laplace resonances. These had the effect of inducing comparable rates of change
amongst more planets at a somewhat reduced level. We found that in order for the deviation
of a period ration from commensurability not to be significantly affected in the lifetime of
the system we needed ~ Q' >~ 100(1,/2.5 x 10%)y.

The above estimates indicate that tidal effects are likely to have significantly affected some
aspects of the evolution of the systems if Q' <~ 100 but not if Q' significantly exceeds
~ 103. In the latter case the active Laplace resonances in the EPIC 245950175 system would
likely date back to formation as does the closeness to strict 3:2 commensurabilities in both
systems. We remark that the forced eccentricities in these systems are typically < 0.002,
Thus accurate determinations of significantly larger values would rule out the significance
of orbital circularisation.

An issue is the extrapolation of results obtained for low Q' to much larger values made
for numerical convenience. That the evolution times should be o< Q’, as found for the range
of values we have considered, is in general expected for systems where the evolution is
driven by tides. It is also expected from consideration of the semi-analytic model developed
in this paper. We have also checked that the relaxed states with librating resonant angles and
associated forced eccentricities also exist for much larger Q' albeit for relatively short time
scales and the applicability of the semi-analytic model is reassuring. However, these aspects
require further investigation.
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